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Heart development in the Drosophila embryo starts with the specification of cardiac precursors from the dorsal edge of the
esoderm through signaling from the epidermis. Cardioblasts then become aligned in a single row of cells that migrate
orsally. After contacting their contralateral counterparts, cardioblasts undergo a cytoskeletal rearrangement and form a
umen. Its simple architecture and cellular composition makes the heart a good system to study mesodermal patterning,
ntergerm layer signaling, and the function of cell adhesion molecules (CAMs) during morphogenesis. In this paper we focus
n three adhesion molecules, faint sausage (fas), shotgun/DE-cadherin (shg/DE-Cad), and laminin A (lam A), that are
ssential for heart development. fas encodes an Ig-like CAM and is required for the correct number of cardioblasts to become
pecified, as well as proper alignment of cardioblasts. shg/DE-Cad is expressed and required at a later stage than fas; in
mbryos lacking this gene, cardioblasts are specified normally and become aligned, but do not form a lumen. Additionally,
ardioblasts of shg mutant embryos show a redistribution of phosphotyrosine as well as a loss of Armadillo from the
embrane, indicating defects in cell polarity. The shg phenotype could be phenocopied by applying EGTA or cytochalasin
, supporting the view that Ca21-dependent adhesion and the actin cytoskeleton are instrumental for heart lumen
formation. As opposed to cell–cell adhesion, cell–substrate adhesion mechanisms are not required for heart morphogenesis,
but only for maintenance of the differentiated heart. Embryos lacking the lam A gene initially developed a normal heart, but
showed twists and breaks of cardioblasts at late embryonic stages. We discuss our findings in light of recent results that
elucidate the function of different adhesion systems in vertebrate heart development. © 1999 Academic Press
Key Words: faint sausage; shotgun/DE-cadherin; laminin A; mesoderm; heart development; differentiation; cytoskeleton;
cell polarity; extracellular matrix; morphogenesis; endothelial development.
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lINTRODUCTION
The Drosophila heart, or dorsal vessel, consists of a
double row of contractile myoendothelial cells (cardioblasts
or myocardial cells) enclosing a lumen (Rugendorff et al.,
1994). Located in the dorsal midline, the heart is flanked on
either side by a row of pericardial cells with an as yet
undetermined function. The simple structure and pro-
tracted development of the Drosophila heart make this
organ highly suitable for a molecular genetic analysis ofs
a1 These authors have contributed equally to this work.
56mesodermal patterning and differentiation. Recent findings
reveal an astonishing degree of similarity between the
molecular mechanisms controlling heart development in
Drosophila and in vertebrates (Bodmer, 1995; Harvey,
1996).
The development of the Drosophila heart begins with the
pecification of cardiac precursor cells, called cardioblasts.
fter gastrulation, the invaginated mesoderm spreads out
s a monolayer over the ectoderm. Mesoderm cells at the
ateral (leading) edge of this monolayer receive inductive
ignals from the adjacent dorsal ectoderm. These signals,
mong them Decapentaplegic (Dpp) and Wingless (Wg),
0012-1606/99 $30.00
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57Faint Sausage, Shotgun, and Laminin A in Heart Developmentrender the receiving lateral mesoderm cells competent to
form heart and/or pericardial cells (Frasch, 1995; Park et al.,
1996; Jagla et al., 1997). Competent cells make up the
cardiogenic region within the mesoderm. Notch/Delta (N/
DL) signaling is required to specify those cells that actually
develop as cardioblasts and pericardial cells (Hartenstein et
al., 1992; Fig. 1A). Cardioblasts of either side of the embryo
line up in a single row and migrate dorsally to meet their
contralateral counterparts in the dorsal midline (Fig. 1B).
Initially, only the leading edges of cardioblasts come into
contact. Subsequently, cardioblasts undergo a dramatic
change in cell shape; their ventral trailing edge curls around
to enclose a lumen (Fig. 1C). In this feature of their
morphogenetic behavior, cardioblasts resemble capillary
precursor cells as they become aligned and enclose a central
lumen (Sugi et al., 1996; Fig. 2D). Significantly, the pres-
ence of multiple simple, capillary-like tubes also consti-
tutes an early stage in vertebrate heart development (Sugi et
al., 1996). In vertebrates, heart precursor cells arise from the
heart morphogenetic field which, following gastrulation,
forms part of the inner layer of the lateral plate mesoderm
(splanchnopleura). Cells of the heart morphogenetic field
segregate into two populations, the myocardial and endo-
cardial precursors. The latter become organized into a
plexus of tubes (called “preendocardial tubes” in the follow-
ing) that coalesce into vessels of increasing size, until
reaching a stage where a single endocardial heart tube is
formed (Sugi et al., 1996; Fishman and Chien, 1997). This
tube becomes invested by layers of myocardial precursors.
Adhesion molecules play a prominent part in vertebrate
heart development. In chick, both N-cadherin and N-CAM
are expressed at early stages in the heart morphogenetic
field. N-CAM is expressed uniformly on cells of the heart
morphogenetic field, and later in endocardial as well as
FIG. 1. Heart development in Drosophila involves specificati
gastrulation, the mesoderm spreads out as a monolayer along the ve
contact with the dorsal ectoderm, it receives the Dpp signal, ind
specification of the cardiogenic region, complex signaling cascades i
early and ladybird late, as well the neurogenic genes Notch a
pericardiocytes. (B) Following the specification step, cardioblasts o
migrates dorsomedially toward the dorsal midline. (C, D) At th
counterparts and undergo complex cytoskeletal rearrangements, to
established a layer of ECM is formed on the apical (luminal) and bmyocardial precursors (Linask et al., 1997). N-cadherin is
expressed in a more dynamic pattern. Experimental studies
Copyright © 1999 by Academic Press. All rightndicate that N-cadherin is required for the segregation of
endocardial from myocardial precursors, as well as the
differentiation of the myocardium. Another cadherin in-
volved in heart development is VE-cadherin (Breier et al.,
1996). As the expression of N-cadherin subsides in the
endocardial precursors, these cells turn on VE-cadherin.
VE-cadherin expression coincides with the formation of
preendocardial tubes; it is also expressed in all other devel-
oping blood vessels throughout the embryo. Loss-of-
function studies have shown that VE-cadherin is required
for lumen formation in blood vessels (Vittet et al., 1997).
Finally, interactions of substrate adhesion molecules such
as integrin, expressed by heart precursor cells from early
stages onward, with fibronectin and laminin in the extra-
cellular matrix, play an important role in heart develop-
ment (Kalman et al., 1995; Collo et al., 1995). In Drosoph-
ila, only laminin has been investigated with regard to its
participation in heart formation. Laminin forms a promi-
nent part of the basement membrane that invests the
cardioblasts both apically (i.e., toward the central lumen)
and basally (Tepass and Hartenstein, 1994). Embryos carry-
ing null mutations in the laminin A gene form a more or
less regular heart tube, but display abnormalities at a later
stage (Yarnitzky and Volk, 1995).
We have recently identified two adhesion molecules, the
Drosophila E-cadherin homolog encoded by the gene shot-
gun (shg; Uemura et al., 1996; Tepass et al., 1996) and a
novel member of the Ig-like family of proteins encoded by
faint sausage (fas; Lekven et al., 1998). Both molecules are
expressed at a high level in heart precursors and, as we show
in this paper, play an important role at different stages of
heart development. fas is first required for the determina-
tion of the correct number of cardioblasts; in embryos
lacking the function of fas, cardioblasts are increased in
lignment and migration, and lumen formation. (A) Following
epidermis. As the dorsal, leading edge of the mesoderm comes into
tinman expression in the cardiogenic region (cr). Following the
ing the ligands Wingless, Hedgehog, the homeobox genes ladybird
elta, are involved in the specification of cardioblasts (cb) and
ther side of the embryo line up in a single row. This row of cells
rsal midline cardioblasts make contact with their contralateral
on a crescent shape and form a lumen. Once the lumen has been
surface of the cardioblasts.on, a
ntral
ucing
nvolv
nd D
n ei
e donumber at a loss of pericardiocytes. Second, the alignment
of ipsilateral cardioblasts that normally takes place during
s of reproduction in any form reserved.
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58 Haag et al.their dorsal migration depends on fas function. shg/DE-
cadherin is expressed later than fas and is specifically
required for adhesion of opposing rows of cardioblasts and
lumen formation. In shg mutant embryos, the adhesion
between the opposing rows of cardioblasts is defective
resulting in the absence of lumen formation. We finally
confirm the findings of Yarnitzky and Volk (1995), that
laminin A is not required for heart morphogenesis, but does
play a role for the maintenance of the heart’s ultrastructure.
In that function, the effects of Shg/DE-cadherin-mediated
adhesion and laminin A function seem to be additive:
disrupting cadherin-mediated adhesion by lowering Ca21 in
ate embryos has no effect on wild-type heart structure;
owever, applied to laminin A mutant embryos, the same
reatment resulted in a significant increase in the severity
f the heart abnormalities caused by this mutation.
MATERIALS AND METHODS
Fly stocks and egg collections. As wild-type stock we used
Oregon R and the cardioblast specific enhancer trap line Plac Z
B2-3-20. The following mutations, which are described in Tepass et
al. (1996) and Lekven et al. (1998) were used in this study:
hgP34-1,R14a (weak shg alleles); shgJ2B2 (strong shg allele); fastk (weak
fas allele); fasIIA (strong fas allele). lamA6-36/Ubx-lac Z was kindly
rovided by Dr. L. Fessler. Df(1)N81k1/FM7 and Nts1/FM4 were used
as described in Hartenstein et al. (1992; Lindsley and Zimm, 1992).
Egg collections were done on yeasted apple juice agar plates.
Embryonic stages are given according to Campos-Ortega and
Hartenstein (1997).
Immunohistochemistry and histology. To visualize the pat-
tern of expression of shg and fas DIG-labeled cDNA probes for shg
(Tepass et al., 1996) and fas (Lekven et al., 1998) as well as a
polyclonal antibody against Shg/DE-cadherin (Oda et al., 1994;
kindly provided by Dr. T. Uemura) were used. A polyclonal
antibody against the Tinman protein (kindly provided by Dr. Z. Yin
et al., 1997) and a monoclonal antibody against an antigen ex-
pressed on the surface of pericardiocytes (mab#3; Yarnitzky and
Volk, 1995; kindly provided by Dr. L. Fessler) served as markers for
the heart. Adherens junction assembly and cardioblast polarity was
assessed with the monoclonal antibody N2-7A1 against Armadillo
(Developmental Studies Hybridoma Bank, Peifer et al., 1994) and a
commercial monoclonal antibody against phosphorylated tyrosine
(Upstate Biotechnology, Cohen et al., 1990). Expression of
b-galactosidase in the enhancer-trap line Plac Z B2-3-20 was
detected with a polyclonal anti-b-galactosidase antibody (Cappel;
artenstein and Jan, 1992). Embryos for antibody stainings and
ectioning procedures for light and electron microscopy were
arried out as described (Tepass et al., 1994). Embryos stained with
nti-Armadillo were labeled with fluoroscein conjugated anti-
ouse secondary antibody and analyzed with a Zeiss confocal
icroscope.
Pharmacology. Wild-type enhancer-trap line Plac Z B2-3-20
mbryos were collected at 1-h intervals and aged until either st. 13,
t. 15, or st. 17, at which time they were removed from apple agar
lates, rinsed in water, and dechorionated in 50% bleach for 4 min.
itelline membranes were permeabilized by soaking embryos in
ctane for 3 min. Embryos were transferred to a scintillation vial
ontaining Grace’s medium to which 1.0 ml DMSO, either pure or
ontaining cytochalasin D (Fisher, 0.6 mM) or EGTA (Fisher, 5
Copyright © 1999 by Academic Press. All rightM), was added. Embryos were allowed to develop for 1 h and then
xed and stained with the polyclonal anti-b-galactosidase antibody
as described above. lamA6-36/Ubx-lac Z embryos were collected and
aged until st. 17 and exposed to the same drug treatment. Embryos
were fixed and stained using the heart specific marker anti-
Tinman. lam A homozygous mutants were selected by virtue of a
lack of Ubx-lac Z abdominal staining.
RESULTS
Faint Sausage Is Required for the Determination
and Alignment of Cardioblasts
The expression of fas, monitored by in situ hybridization
(Figs. 2A and 2B) and antibody staining (not shown), can be
detected from stage 12 onward and persists throughout
embryogenesis. Similar to its expression in neurons, the Fas
protein appears diffusely on the membrane of cardioblasts.
Heart development in various fas alleles was studied using
an antibody against the Tinman protein, expressed in both
cardioblasts and pericardial cells, and an antibody labeling
the surface of pericardial cells, mab#3 (Figs. 2C, 2E, 2F, and
2G). In embryos mutant for both weak (fasTk) or strong
lleles (fasIIA), cardioblasts do not align properly with their
ipsilateral partners and often fail to migrate far enough to
reach their contralateral counterparts (Figs. 2E and 2G). In
both alleles the number of Tinman-positive cells is doubled
(fas, 181 Tin-positive cells, n 5 5; wild-type, 94 Tin-positive
ells, n 5 5; Figs. 2E and 2G). In order to assay whether
hese Tinman-positive cells were cardioblasts or pericard-
ocytes, embryos were double labeled with the Tinman
ntibody and the pericardiocyte-specific monoclonal anti-
ody, mab#3 (Figs. 2F and 2G). The results indicate that in
asIIA embryos the number of pericardiocytes is lower than
that in wild type (Figs. 2F and 2G) and those present tend to
migrate away from the dorsal midline. A similar qualitative
phenotype can be achieved by reducing Notch (N) function
during cardiac development (Hartenstein et al., 1992). This
suggests that fas may play a permissive role during N/DI-
mediated cell–cell interactions among heart precursors (see
Discussion).
The failure of cardioblasts in fas mutant embryos to
properly align might be simply due to their increased
number. Evidence that this is not the case is provided by
comparing the fas phenotype to the phenotype of embryos
carrying a mutation in the N gene. In the latter, the number
of cardioblasts is also dramatically increased, but cardio-
blasts still align, meet up with their contralateral partners
and form lumina (Fig. 2D). This indicates that migration,
alignment, and lumen formation are independent of an
increase in the number of cardioblasts and that fas is
required for both cardioblast specification and morphogen-
esis.
s of reproduction in any form reserved.
59Faint Sausage, Shotgun, and Laminin A in Heart DevelopmentFIG. 2. Expression and function of fas in heart morphogenesis. (A) Lateral view of a stage 13 wild-type embryo labeled with fas cDNA
probe. fas is expressed in migrating cardioblasts (arrow, cb) that form a row close to the dorsal edge of the epidermis. (B) Cross-section of
a st. 16 embryo labeled with a fas cDNA probe, showing staining in the cardioblasts (arrow, cb) as well as the nervous system (CNS). (C)
Dorsal view of a stage 16 wild-type embryo in which cardioblasts (arrows, cb) and pericardiocytes (arrowhead, pc) are labeled with
anti-Tinman antibody. Gaps in staining pattern correspond to Tinman negative cardioblasts and pericardiocytes. (D) Dorsal view of an
embryo in which Notch function was reduced during 7–9 h of development, resulting in a strong increase in cardioblasts. Cardioblasts are
visualized by the expression of the PlacZ B2-3-20 insertion. Note the intact ipsilateral alignment present independent of an increase in
cardioblast number (arrows, cb). (E) Dorsal view of stage 16 fastk mutant labeled with anti-Tinman, showing defects in the alignment of
ipsilateral cardioblasts, as well as a significant increase in Tinman-positive cells. (F) Dorsal view of stage 17 wild-type embryo doubly
labeled with anti-Tinman antibody (brown) and monoclonal antibody, mab#3 that labels the membrane of pericardial cells (arrowheads, pc,
black). (G) Double labeling of stage 17 fasIIA mutant, showing strong reduction in the number of pericardiocytes (arrowheads, pc) and an
increase in Tinman-positive cells.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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60 Haag et al.Shotgun/DE-Cadherin Is Required for Cardioblast
Adhesion and Lumen Formation
The expression of shg/DE-cadherin comes on at a later
stage than that of fas, shortly before cardioblasts of opposite
ides meet each other and form a lumen (Figs. 3A and 3B). In
eak shg alleles, cardioblasts typically form a quite regular
ouble-row; however, as evident in light and electron mi-
roscopic sections (Figs. 3C, 3D, 3E, 3F, 4A, and 4B), cells of
pposite sides do not form a junctional complex with each
ther; they also do not bend into the crescent shape typical
f wild-type cardioblasts, but remain rounded. In strong shg
lleles (Figs. 3G and 3H), heart defects are more severe.
ypically, the row of ipsilateral cardioblasts shows inter-
uptions, and in many cases cardioblasts do not reach the
orsal midline. However, ipsilateral cardioblasts are always
ell aligned, indicating that the alignment step is indepen-
ent of shg/DE-cadherin function.
Electron microscopy reveals that the decrease of Shg/DE-
adherin-mediated adhesion in late stage 16 shg mutant
embryos manifests itself as the failure of cardioblasts to
form a lumen (Figs. 4A and 4B). Cardioblasts appear as large
rounded cells surrounded by extracellular matrix. One
frequently observes cellular processes of pycnotic amniose-
rosa cells between two opposing cardioblasts. In the wild
type, amnioserosa cells move through the developing heart
before the stage at which the two rows of cardioblasts meet
and form a lumen (early stage 16). The fact that, in late stage
16 weak shg mutants, amnioserosa cells are often sand-
wiched in between opposing rows of cardioblasts suggests
that as opposed to the wild type, the two rows never became
attached to each other and therefore never formed a lumen
in between them.
Cardioblasts of embryos lacking shg activity show abnor-
mal distribution of Arm/b-catenin and phosphorylated ty-
rosine, both markers for the zonula adherens (ZA). In
wild-type epithelial cells, the ZA forms a continuous belt-
like junction surrounding the apical cell pole. Armadillo/b-
atenin, a cytoplasmic protein that has been shown to bind
o the intracellular domain of Shg/DE-cadherin and to be
ssential for Shg/DE-cadherin-mediated adhesion (Cox et
l., 1996), is localized in the ZA. Wild-type cardioblasts
FIG. 3. Expression and function of shg DE-cadherin in heart morp
a shg cDNA probe. shg begins to be intensely expressed in the c
hroughout the rest of embryogenesis. (B) Dorsal view of stage 16
adherin antibody. (C) Dorsal view of a stage 16 wild-type embryo
ericardiocytes (pc) flank cardioblasts laterally. (D) Dorsal view of a
psilateral cardioblasts become aligned, although in some case (ar
mportantly, opposite rows of cardioblasts do not properly contac
umen (arrowhead) between crescent-shaped cardioblasts (cb). (F) St
lumen. Amnioserosa cells (as) are still attached to ventral surface
utants in which cardioblasts are labeled by Plac Z B2-3-20. The
mbryos (exemplified by the one shown in G) the heart tube shows
s complete, but has detached from its anterior and posterior anchoring
ells also express the PlacZ B2-3-20 marker.
Copyright © 1999 by Academic Press. All righthave a ZA that mediates the contact between neighboring
cardioblasts of the same side of the embryo (“lateral seg-
ment” of ZA) as well as cardioblasts of opposite sides
(“medial segment” of ZA; Tepass and Hartenstein, 1994). In
shg mutant embryos, Arm/b-catenin is not present at the
cell membrane (Figs. 4C and 4D). The same phenomenon
has been observed in ectodermal epithelia of shg mutants,
suggesting a similar interaction of shg/DE-cadherin in me-
sodermally and ectodermally derived epithelia.
The lack of Shg/DE-cadherin and Arm/b-catenin at the
embrane results in the loss of the medial segment of the
A, as shown light- and electron microscopically; however,
he lateral segment of the ZA (between ipsilateral cardio-
lasts) is unaffected. This is revealed light microscopically
y anti-phosphotyrosine antibody (Figs. 4E and 4F). Wild-
ype embryos’ cardioblasts stained with this marker exhibit
uniform distribution of phosphorylated tyrosine in both
ateral and medial segments of the ZA. In shg mutant
mbryos, phosphotyrosine antigen is absent between oppos-
ng rows of cardioblasts (reflecting the absence of the
edial segments of the ZA), but accumulates in between
djacent ipsilateral cardioblasts.
EGTA and Cytochalasin D Treatment Phenocopy
the Effect of shg/DE-Cadherin on Heart
Development
A phenocopy of the weak shg phenotype was observed
pon application of the microfilament polymerization in-
ibitor cytochalasin D and the Ca21-chelator EGTA. Timed
application of these drugs also allowed us to determine the
phenocritical periods of microfilament assembly and Ca21-
dependent cell adhesion, respectively (Fig. 5). The early
application of both drugs to Plac Z 2-3-20 embryos during
early stages of heart development (stage 13/14) resulted in
no defects in alignment or migration of the cardioblasts.
However, drug application during stage 15 resulted in a
disruption of contact between contralateral cardioblasts.
Analysis of cross-sections revealed a lack of lumen forma-
tion following both EGTA and cytochalasin treatments.
Application of these drugs at late stage 16/17 at which heart
nesis. (A) Cross-section of stage 16 wild-type embryo stained with
blasts (cb) before lumen formation at late stage 15 and stays on
yo showing labeling of cardioblast membranes with anti-Shg/DE-
ich cardioblasts (cb) are labeled by Plac Z B2-3-20. Faintly labeled
16 shgR14a mutant (weak allele) embryo expressing Plac Z B2-3-20.
ead) nuclei may not be perfectly lying next to each other. More
h other. (E) Cross-section of wild-type stage 16 embryo, showing
6 shgP34-1 (weak allele) mutant; cardioblasts are round cells without
ardioblasts. (G, H) Dorsal views of stage 16 shgJ2B2 (strong allele)
uption of the heart in this strong allele is quite variable; in most
tiple breaks; in others (such as the one shown in H), the heart tubehoge
ardio
embr
in wh
stage
rowh
t eac
age 1
of c
disr
mulpoint in the epidermis. Segmentally reiterated rows of epidermal
s of reproduction in any form reserved.
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cytochalasin at this late stage when heart morphogenesis is essentially complete causes no significant changes in heart structure compared
to controls.
63Faint Sausage, Shotgun, and Laminin A in Heart DevelopmentFIG. 4. Function of shg/DE-cadherin in heart morphogenesis. (A) Electron micrograph of cross-section of stage 16 wild-type embryo,
showing two opposed cardioblasts (cb) enclosing a lumen. Cardioblasts form adherens junctions (large arrow), an electron dense layer of
ECM at the luminal surface (small arrowhead), and the basal surface (large arrowhead). (B) Electron microscopy of stage 16 shgP34-1 embryo.
Cardioblasts form no lumen or adherens junction between them, along the length of the embryo. Arrow points at process of amnioserosa
cell (as) reaching between cardioblasts. Cardioblasts are surrounded on all sides by a layer of ECM (arrowhead). (C) Confocal image of dorsal
view of stage 16 wild-type embryo, showing expression of Arm/b-catenin at the membrane of cardioblasts (cb) and epidermis (ep). (D)
Confocal image of a shgP34-1 mutant; amount of Arm/b-catenin expression in cardioblasts does not exceed background level. (E) Dorsal view
f wild-type stage 16 embryo labeled with anti-phosphotyrosine antibody that marks the zonula adherens (ZA). Note concentration of
hosphotyrosine antigen at luminal surface (medial segment of ZA; outlined cell; arrowhead) and between ipsilateral cardioblasts (outlinedFIG. 5. Defects in heart morphogenesis following application of EGTA and cytochalasin D. All panels show wild-type embryos in which
cardioblasts are labeled by Plac Z B2-3-20. Wider spacing of nuclei is a procedural artifact and does not represent larger spaces between cells.
eft column shows lateral view of stage 14 embryos. Application of cytochalasin D in DMSO, EGTA in DMSO, or DMSO alone (control)
id not cause significant changes in alignment or dorsal migration of cardioblasts compared to nontreated embryos. Second and third
olumn show heart of early stage 16 embryos in dorsal view (second column) and cross-section (third column), respectively. In the controls
no treatment; DMSO only) cardioblasts have met at the dorsal midline and have formed a lumen. Treatment with EGTA and cytochalasin
or 30 min, followed by fixation 30 min later, perturbs the attachment of opposite rows of cardioblasts and lumen formation, but leaves
dhesion between ipsilateral cardioblasts intact. Fourth column shows dorsal view of stage 17 embryos. Application of EGTA orell, lateral segment of ZA; arrow). In shgP34-1 mutant (F) phosphotyrosine antigen is restricted to the surfaces in between ipsilateral
cardioblasts (cell outlined, arrows).
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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64 Haag et al.morphogenesis is complete failed to have an affect on heart
structure.
Both Ca21 Dependent and Laminin A-Mediated
dhesion Are Required for the Maintenance
f the Heart Tube
Laminin forms a major component of the extracellular
matrix that covers the cardioblasts apically (“luminal mem-
brane”) and basally (“basal membrane”). Previous studies
on the role of the extracellular glycoprotein Laminin A in
heart development described the “broken heart” phenotype
in lam A mutants. This phenotype is characterized by a
twisting of the double row of cardioblasts and the dissocia-
tion between cardioblasts and pericardial cells in late stage
16 embryos (Yarnitzky and Volk, 1995). Our present find-
ings confirm these results and show that lam A6 mutants
exhibit no defect in heart morphogenesis during earlier
stages. Markers such as the anti-Tinman antibody show
that cardioblasts of lam A6 mutants align normally, mi-
grate to the dorsal midline, and proceed to form a lumen.
Twists and breaks in the heart occur later, presumably as a
result of weaknesses in the luminal and basal membranes
due to the lack of laminin (Figs. 6A and 6B).
Pharmacological experiments indicate that Ca 21-
ependent and Laminin-mediated adhesion have an addi-
ive effect during the maintenance of the heart tube. Appli-
ation of the Ca21 chelating agent EGTA to wild-type stage
7 embryos has no effect on heart structure (Fig. 5). How-
ver, applied to lam A mutants of the same stage, EGTA
auses a significant exacerbation of the “broken heart”
henotype, i.e., an increase in the frequency of twists and
reaks (Fig. 6F): untreated and control (DMSO without
GTA) lam A mutants have an average of 1.5 twists and
ess than 0.3 breaks per heart (Fig. 6B). lam A embryos
ubjected to DMSO with EGTA showed an average of 0.8
reaks and 2.9 twists per embryo (Fig. 6F).
DISCUSSION
The development of the Drosophila heart can be subdi-
vided into several discrete steps. We show in this study that
each of these steps has a specific requirement for different
adhesion molecules. The comparison of structural and
molecular aspects of heart development in Drosophila and
vertebrates reveals numerous similarities that will be
briefly discussed.
Delineation of the cardiogenic region. In insects and
vertebrates, heart development starts with the emergence
of a distinct mesodermal domain, called cardiogenic region
or heart field (Copenhaver, 1926; for review, see Fishman
and Chien, 1997) in vertebrates (Figs. 7A and 7B). Local
signaling between mesoderm and ectoderm (insects) or
endoderm (vertebrates) plays an important role to activate
and/or maintain the expression of heart specific transcrip-
tion factors, among them tinman (mouse homolog: Nkx2-
Copyright © 1999 by Academic Press. All right,xenopus: Xnkx-2.3; Bodmer, 1993; Frasch, 1995; Harvey,
996). Signaling molecules in both insects and vertebrates
nclude Wnt/Wg and members of the TGF-b family (Dpp in
Drosophila, BMP-2/4 in vertebrates, see Fishman and
Chien, 1997; Harvey, 1996, or Bodmer, 1995, for review).
N/DI signaling within the cardiogenic region delimits the
number of cardioblasts in Drosophila. N has two separate
phenocritical periods in heart development (Hartenstein et
al., 1992). Reduction of N function during the early period
results in a moderate overall increase of cardioblasts and
pericardial cells (about twofold); reduction during the later
period causes an increased number of cardioblasts at the
expense of pericardial cells. In our previous study we had
speculated that the later phenocritical period is indicative
of a stage at which the number of cardiac precursors (as
opposed to other mesodermal fates) is fixed, but the deci-
sion between cardioblasts and pericardial cells is still open.
Loss of N during both periods results in strongly increased
number of cardioblasts (about fourfold) and the almost total
absence of pericardial cells. A similar function of this sig-
naling pathway has not yet been revealed in vertebrates.
However, lateral inhibition, which is classically associated
with the N/DI pathway, has been predicted to play a role in
specifying the vertebrate heart field as well (Fishman and
Chien, 1997).
Structural adhesion molecules are expressed in the car-
diogenic region and are likely to play essential permissive
functions during signaling events that determine the fate of
cardiac precursors. Thus, in order to be physically able to
exchange short range signaling molecules, cells have to be
in close proximity or adhere to each other. As shown in this
paper, the Ig-superfamily member Fas is a prime candidate
to “control” (in the sense of “permit”) N/DI signaling in the
Drosophila cardiogenic region. In fas there is a doubling in
the number of tinman-positive cells and a drastic reduction
pericardial cells, a result we interpret as an increase in
cardioblasts at a loss of pericardiocytes. This similarity to
the loss of N function, indicates that Fas-mediated adhesion
may be required for N/DI signaling. We have initiated
experiments to follow up this hypothesis. In vertebrates,
the Ig-superfamily member N-CAM is strongly expressed in
the heart field (Linask et al., 1997); the function of this
adhesion molecule in heart development remains to be
shown. Interestingly, the Drosophila N-CAM homolog,
Fasciclin II, is not expressed in the developing heart at any
stage (V.H., unpublished observation).
Separation of myocardial and endocardial progenitors.
The step that follows the determination of the cardiogenic
region in vertebrates results in the separation of two pre-
cursor cell populations with different differentiative fates,
myocardial precursors and endocardial precursors (Fig. 7C).
This step is lacking in insects in which no separate endo-
cardium and myocardium exists. Instead, both functions
are provided by a single cell type, the myoendothelial heart
cells. Vertebrate myocardial progenitors transiently form an
epithelium of high cylindrical cells from which endocardial
progenitors are excluded; the latter form a mesenchymal
s of reproduction in any form reserved.
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65Faint Sausage, Shotgun, and Laminin A in Heart DevelopmentFIG. 6. lam A is required for the maintenance of heart structure. (A–F) Dorsal views of stage 17 embryos in which cardioblasts are labeled
ith anti-Tinman antibody. (A) Wild-type. (B) lam A mutant with broken heart phenotype, consisting of numerous twists (average of 1.5
per embryo) of the double row of cardioblasts (cb), but no breaks. (C) Wild-type embryo exposed to DMSO only; no twists or breaks in heart
tube. (D) lam A mutant exposed to DMSO only; no significant change over untreated lam A mutant embryo shown in B. (E) Wild-type
mbryo exposed to EGTA in DMSO during late stage 16 (after heart lumen formation); no twists or breaks (unlabeled regions in cardioblast
ows indicated by arrowheads correspond to lack of Tinman expression; cardioblasts themselves are visible by Nomarski effect). (F) lam A
utant exposed to EGTA in DMSO. Significant increase in number of twists (2.9 twists/embryo, n 5 7) and occurrence of breaks (0.8breaks/embryo, n 5 6). (G) Histogram summarizing the frequency of heart tube abnormalities (twists, breaks) in control and drug-treated
embryos.
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66 Haag et al.FIG. 7. Comparison of key events during early cardiogenesis in Drosophila and vertebrates. Left column (A, C, E) depicts schematic
ross-sections of chick embryo after gastrulation (A), during (C) and after (E) neurulation. The right column (B, D, F) shows schematic
ross-sections of Drosophila embryos at corresponding stages. In vertebrates (A) BMP-2 mediated signaling from endoderm (end) to
esoderm (mes) induces the heart morphogenetic field (HMF) that is molecularly recognizable by its expression of the tinman homolog
kx-2.5 and Wnt-2. In Drosophila (B), the dorsal ectoderm (ect) expresses Dpp, Wg, and Hh. Dpp directly regulates tinman expression in
he cardiogenic region (cr) of the dorsolateral mesoderm. Wg and Hh signals regulate ladybird early expression and the size of the
cardiogenic region. N and DI also mediate cell–cell interactions which modulate the number of cardiac precursors that arise from the
cardiogenic region. At a later stage of vertebrate development (C), N-cadherin controls the epithelialization of the myocardial precursors
(myc) that arise within the HMF. HMF derived cells that are excluded from the myocardial primordium become fated as endocardial
precursors (enc), probably under the influence of the endoderm. In Drosophila (D), no separation of endo- and myocardial precursors takes
place. The dorsal ectoderm continues to express Dpp, which acts to maintain tinman expression in the cardioblasts (cb) and pericardiocytes
and (pc). Ectodermally derived Wg and Hh now serve to modulate ladybird late expression to specify different cardioblast types. The
dhesion molecule Fas is required for alignment of cardioblasts. (E) Endocardial precursors of vertebrates form multiple tubes
preendocardial tubes, lined by endothelial cells (end) and filled with blood cell progenitors (hem). During this stage endocardial precursors
own-regulate N-cadherin and begin to express VE-cadherin that is essential for the formation of preendocardial tubes. Lumen formation
n Drosophila (F) occurs as rows of cardioblasts of opposite sides meet at the dorsal midline. This step is dependent on DE-cadherin. Once
he lumen has been established a layer of laminin containing ECM is deposited within and around the lumen to form a sleeve of supportive
aterial.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
67Faint Sausage, Shotgun, and Laminin A in Heart Developmentmass adjacent to the myocardial primordium. N-cadherin is
expressed and required for the formation of the myocardial
epithelium; interfering with N-cadherin function results in
the failure of myocardial epithelialization (Linask et al.,
1997).
Morphogenesis of endocardial progenitors/cardioblasts.
Endocardial progenitors in vertebrates and myoendothelial
cardioblasts in insects follow a morphogenetic program that
is strikingly similar in many respects (Figs. 7E and 7F). Both
cell types align and “curl,” resulting in the formation of
tube(s) with an internal lumen. In the vertebrate heart,
many of such preendocardial tubes ultimately coalesce into
one large endocardial chamber that becomes invested by
myocardium and connective tissue layers (Fishman and
Chien, 1997). In insects, the development of the much
smaller and simpler heart is basically complete after the
double row of cardioblasts forms a lumen. In this respect,
the insect heart resembles not only the preendocardial
tubes that form an early stage in heart development, but
also a vertebrate capillary, a minute tube formed by a
monolayer of “curled” endothelial cells enclosing a lumen
(Grant et al., 1989; Sugi et al., 1996).
The structural resemblance between vertebrate capillar-
ies, preendocardial tubes, and the insect heart is also
paralleled by similarities on the molecular level. In Dro-
sophila, at least two adhesion molecules, Fas and Shg/DE-
cadherin, are required for cardioblast morphogenesis. As
previously discussed, Fas is essential for the proper align-
ment of ipsilateral cardioblasts, as well as their migration to
the dorsal midline. shg/DE-cadherin is required in the later
stages of cardiogenesis to initiate and maintain the ZA
between contralateral cardioblasts meeting at the midline.
Furthermore, Shg/DE-cadherin-mediated adhesion is essen-
tial to reorganize the cardioblast actin cytoskeleton in such
a way that these cells take on a crescent-like shape in order
to form the heart lumen. Our finding that cardioblasts in
shg mutant embryos lose membrane bound Arm/b-catenin
suggests that Shg/DE-cadherin function is mediated by
Arm/b-catenin. Arm/b-catenin is responsible for anchoring
cadherin to the cell’s actin cytoskeleton (Cox et al., 1996).
In epithelial cells of many different systems, ranging from
vertebrate tumor cell lines to the Drosophila blastoderm,
the decrease of membrane bound Arm/b-catenin results in
a reduction of cadherin-mediated cell adhesion. This is
typically followed by cells losing their epithelial character-
istics, including the apical ZA, and becoming mesenchy-
mal. In that regard the behavior of Drosophila cardioblasts
in shg mutant embryos is no exception.
It is interesting to note that even in strong (zygotic null)
shg mutants, the lateral segments of the ZA (as marked by
anti-phosphotyrosine antibody) between ipsilateral cardio-
blasts was maintained. Thus, separate adhesion systems
control different segments of the ZA in the same cells. Fas
(and potentially other, as yet unidentified molecules) are
responsible for the adhesion and alignment of ipsilateral
cardioblasts, and Shg/DE-cadherin control the contact be-
tween opposite cardioblasts. The fact that pharmacological
Copyright © 1999 by Academic Press. All rightdepletion of Ca21 concentration at different stages of devel-
opment disrupts attachment of opposite cardioblasts, but
not ipsilateral cardioblasts, lends further credence to the
idea that Shg/DE-cadherin-mediated adhesion is needed for
the medial segment of the cardioblasts’ ZA, and not the
lateral segment.
The function of Shg/DE-cadherin during cardioblast lu-
men formation appears similar to the presumed role of
VE-cadherin in vertebrate heart and capillary development.
In the chick, VE-cadherin expression increases in the endo-
cardial primordium as N-cadherin is turned off. Addition-
ally, VE-cadherin is expressed ubiquitously in developing
blood vessels (Breier et al., 1996). Blood vessel progenitors,
as well as endocardial progenitors, start out as mesenchy-
mal cell masses which then differentiate into two groups:
endothelial progenitors (angioblasts) that express VE-
cadherin and form tubular structures enclosing a lumen and
hematopoietic progenitors that initially remain within the
tubes. Under certain conditions, mouse embryonic stem
cells are able to differentiate into complex embryoid bodies
containing endothelial tubes. In embryoid bodies derived
from VE-cadherin-deficient ES cells endothelial progenitors
remain dispersed and fail to form tubular structures (Vittet
et al., 1997).
Significant differences between vertebrates and Drosoph-
ila exist in the contribution of the extracellular matrix to
heart development. In vertebrates, fibronectin is highly
expressed in the ECM between the cardiac mesoderm and
the endoderm. Interfering with fibronectin function dis-
rupts cardiogenesis and causes the misexpression of cardiac
specific genes (Linask and Lash, 1988; Fisher and Perisamy,
1994). Later, cells of the myocardial epithelium are tightly
associated with the ECM that forms between the myocar-
dium and endocardium (cardiac jelly). The cardiac jelly is
required for the proper migration of the myocardium
around the endocardium. The effect of laminin on endothe-
lial development has been studied extensively in cultured
capillary precursors (Davis et al., 1995). Laminin is required
for these precursors to become attached, as well as for the
cytoskeletal reorganization underlying the “curl” that leads
to lumen formation. This is in striking contrast to the
situation in Drosophila where laminin apparently has only
maintenance functions in heart development.
During early stages of heart development (emergence of
the cardiogenic region, migration of cardioblasts), ECM
molecules such as laminin and collagen are not expressed at
immunohistochemically detectable levels in Drosophila
(Yarnitzky and Volk, 1995). Later, when the heart lumen
starts to form, cardioblasts become invested luminally and
basally by a ECM rich in laminin. As shown by others
(Yarnitzky and Volk, 1995) and in the present study, loss of
laminin function causes no detectable phenotype during
Drosophila heart morphogenesis, but results in twists and
breaks of the heart tube at a later stage. It is presently
unclear whether the fact that laminin is dispensable for
heart morphogenesis in Drosophila, yet plays an eminent
role in endothelial development in vertebrates, hints at
s of reproduction in any form reserved.
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controlling this event in the two groups of organisms.
However, the recent discovery that the gene wing blister
encodes D laminin a2, a novel a chain, raises the possibility
of an early embryonic requirement for laminin, which may
or may not affect dorsal vessel development (Granar et al.,
1998). An analysis of the embryonic expression pattern of D
laminin a2 awaits publication.
Alternatively, given that both laminin and cadherins are
linked to the actin cytoskeleton (laminin via integrin,
cadherins via catenin), it is conceivable that the two adhe-
sion systems act in a redundant fashion, in which case the
effect of laminin could be substituted for by cadherins.
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